Pyruvate formate-lyase (acetyl-CoA:formate C-acetyltransferase, EC 2.3.1.54) from anaerobic Escherchia coli cells converts pyruvate to acetyl-CoA and formate by a unique homolytic mechanism that involves a free radical harbored in the protein structure. By EPR spectroscopy of selectively 13C-labeled enzyme, the radical (g = 2.0037) has been assigned to carbon-2 of a glycine residue. Estimated hyperfine coupling constants to the central 13C nucleus (Au = 4.9 mT and A, = 0.1 mT) and to 13C nuclei in a and 13 positions agree with literature data for glycine radical models. N-coupling was verified through uniform I'N-labeling. The large IH hyperfine splitting (1.5 mT) dominating the EPR spectrum was asignd to the a proton, which in the enzyme radical is readily solvent-exchangeable. 
tively 13C-labeled enzyme, the radical (g = 2.0037) has been assigned to carbon-2 of a glycine residue. Estimated hyperfine coupling constants to the central 13C nucleus (Au = 4.9 mT and A, = 0.1 mT) and to 13C nuclei in a and 13 positions agree with literature data for glycine radical models. N-coupling was verified through uniform I'N-labeling. The large IH hyperfine splitting (1.5 mT) dominating the EPR spectrum was asignd to the a proton, which in the enzyme radical is readily solvent-exchangeable. Oxygen destruction of the radical produced two unique fragments (82 and 3 kDa) of the constituent polypeptide chain. The N-terminal block on the sma fragment was identified by mass spectrometry as an oxalyl residue that derives from Gly-734, thus assigning the primary structural glycyl radical position. The carbon-centered radical is probably resonance-stabild through the adjacent carboxamide groups in the polypeptide main chain and could be comparable energetically with other known protein radicals carrying the unpaired electron in tyrosine or tryptophan residues.
Pyruvate formate-lyase (acetyl-CoA:formate C-acetyltransferase, EC 2.3.1.54) is the key enzyme of anaerobic glucose metabolism in Escherichia coli cells (1) . Comprised of two identical subunits of 85 kDa, this enzyme is posttranslationally interconverted between inactive and active forms. The active form (E-SH) carries a stable radical that is produced by pyruvate-formate-lyase-activating enzyme with adenosylmethionine as the H-atom-abstracting cosubstrate (2) . From studies of a mechanism-based inhibitor (hypophosphite), we recently obtained direct evidence for the participation of the protein radical in catalysis (3, 4) . It guides the crucial carbon-carbon bond cleavage/synthesis in the first halfreaction of the catalytic cycle along a radical-based chemical mechanism:
E-SH + pyruvate E-S-acetyl + formate [1] E-S-acetyl + CoA E-SH + acetyl-CoA.
[2]
The catalytic principle of pyruvate formate-lyase is unique among enzyme reactions of cellular metabolism. Previous EPR spectroscopic studies (4) Isolation and Tryptic Digestion of the y Fragment of E-SH Produced by 02. Twenty-five milligrams (154 nmol) of the radical enzyme in 2 ml of anaerobic buffer was supplemented with 10 mM EDTA and gassed with air for 2 min at 273 K. After gel filtration into 20 mM ammonium formate, guanidinium chloride (GdmCl) was added to a final concentration of 3 M, and the sample was filtered through a SepPak C18 cartridge (Waters/Millipore). Washings with GdmCl/ formate and 10 mM formate removed all larger polypeptides [unfragmented a (85 kDa), ,B fragment (82 kDa), pyruvateformate-lyase-activating enzyme (28 kDa)]. The yfragment (3 kDa) was then eluted with 3 ml of 80% (vol/vol) CH3CN in 4 mM ammonium formate and concentrated under reduced pressure. The yield was about 300 ,g (100 nmol).
Digestion with 20 ,g of L-1-tosylamido-2-phenylethyl chloromethyl ketone (TPCK)-treated trypsin (Serva) was performed for 10 hr in 0.1 M NH4HCO3. The peptides were purified by reverse-phase HPLC on Nucleosil C18 (Macherey & Nagel) with a 0-20% CH3CN gradient containing 0.1% CF3COOH; the elution sequence of the tryptic peptides was T1, T3, T2, and T4.
Peptide Sequencing. Edman degradation, performed by R. Frank, used a gas-phase sequenator and on-line identification of phenylthiohydantoins by HPLC. C-terminal sequencing was carried out with carboxypeptidase Y (Boehringer Mannheim); amino acids released were identified as the dabsyl derivatives by HPLC analysis.
Mass Spectrometry of Tryptic Peptide T1. Liquid secondary-ion mass spectra were obtained with a mass spectrometer HSQ 30 (Finnigan-MAT, Bremen, F.R.G.) equipped with a cesium gun (AMD Intectra, Harpstedt, F.R.G.). Acceleration voltage was 3 kV, resolution was 1000, and the gun operated at 10.5 kV and -1.5 ,uA. The sample was dissolved in 0.1 M HCl and was mixed with glycerol on the probe tip. For esterification, the peptide was incubated with 1 M HCI in isopropanol for 12 hr at room temperature.
EPR Spectroscopy. EPR first-derivative spectra were recorded with a Bruker ESP 300 spectrometer operating at X-band with 100-kHz modulation and using the Bruker variable-temperature device ER 4111 VT. Measurements were performed usually at 255 K (20-mT scan range, about 0.1-mT field modulation, 20-100 accumulations) on 0.2-ml samples of 10-40 ,uM radical enzyme, which were filled into 0.2-cm quartz tubes under argon and sealed with a plastic film. At 295 K the aqueous solutions were contained in a flat quartz cell (0.2 mm). Simulations of anisotropic EPR spectra were performed by using a computer program set up by P. M. R. Trousson (University of Leicester, U.K.).
We report hyperfine coupling constants as follows: A (mT), for isotropic and dipolar interactions; a (mT), for isotropic interaction in solutions of low viscosity. RESULTS EPR Spectroscopic Assignment by Isotopic Substitutions. The multiplet structure in the EPR spectrum of pyruvate formate-lyase is produced by hyperfine couplings of the unpaired electron spin to different protons. A readily solventexchangeable proton is responsible for the dominating doublet splitting (AirO(H) = 1.5 mT), whereas the partially resolved substructure comes from two nonexchangeable protons detected by electron-nuclear double resonance (EN-DOR) spectroscopy. These assignments were achieved previously by 2H substitution experiments (4), which we have reproduced with the present enzyme preparations (Fig. 1) . Computer simulation of spectrum I estimated the isotropic A values for the less strongly coupled protons to be about 0.6 and 0.45 mT.
Assuming that the nonexchangeable protons would be associated with the skeleton of the radical-carrying amino acid residue, initially we addressed its identity by supplementation of 2H20-based bacterial growth media with individual 1H amino acids. When this hydrogen-isotope approach proved to be unsuccessful (for reasons explained below), we turned to 12C/'3C replacements. Selected sets of 12C amino acids were applied to E. coli cultures growing on ['3C6jglucose, and the enzyme preparations were examined for any narrowing of the broad (8 mT-encompassing) EPR signal that characterizes the fully '3C-labeled enzyme (4, 12) .
Glycine and serine, indistinguishable because of their meta-1H-ENZYME 7 1.17 mT 2H-ENZYME EPR spectra of the normal (protiated) enzyme (spectra I and II) and the deuterated enzyme (spectra III and IV). The enzyme preparations were from 234M1/p153E1 cells that had been grown in 'H20 and 2H20 medium, respectively. The buffer solvent, 'H20 or 2H20, from which the samples were finally measured is shown in each spectrum. 1992) bolic interconversion in prototrophic strains, were both effective. This result was consistent with concurrent investigations of the 02-mediated polypeptide cleavage (see below), indicating Gly-734 as the radical site.
To delineate the unpaired spin locus, we prepared selectively "C-substituted enzyme samples using auxotrophic E. coli strains. Traces of 14C-labeled amino acids were applied together with the 13C-labeled compounds to verify the specificity and extent of the labeling procedures. In Figs. 2 and 3, we present the EPR spectra obtained for [2-13C] glycine-and [1-13C]glycine-substituted pyruvate formate-lyase, which proved that the radical is centered at C-2 of a glycine residue (Fig. 4) and . position (serine carboxyl), which support the proposed radical structure (Fig. 4) , are indicated by the significant line broadening effects shown in Fig. 3 . The peak-to-trough linewidth of 1.17 mT of the EPR signal of normal enzyme in 2H20 (spectrum II in Fig. 1 ) is increased by 0.17 and 0. The large 1H hyperfine splitting of 1.5 mT (Fig. 1 0.45 and 0.6 mT are yet unassigned but could be from Hp (NH) and/or from 8 protons located on the adjacent amino acid residues. In attempting to obtain experimental evidence for this, the serine amino acid, as applied to cell cultures, proved to undergo metabolic solvent-exchange of its a-carbon proton.
In conclusion, our EPR spectroscopic data for the pyruvate formate-lyase radical agree well with data published for glycine radical models, which are given in Fig. 4 . The optical absorption at 365 nm (4) matches that reported for the 2,5-dioxopiperazin-3-yl radical at pH 5 (17) .
Oxygen Fragmentation of the Polypeptide Chain at the Radical Site. Contact with 02 has long been known to destroy rapidly the EPR signal and the catalytic activity of pyruvate formate-lyase; in air-saturated buffer at 293 K, the halflife is about 10 s (2). By gel electrophoretic analysis, this process has now been found to be accompanied by a fission of the radical-carrying polypeptide chain (85 kDa) into unique pieces of 82 kDa and 3 kDa (Fig. 5, lane 2) . This opened the possibility to map the primary structural position of the protein radical. That only about half of the applied enzyme protein becomes cleaved is consistent with the quantity of 1 electron spin per dimer measured previously (4) . Fig. 6 summarizes our chemical characterization of the protein cleavage site. N-and C-terminal sequencing showed the large fragment (X3, 82 kDa) to comprise the N-terminal portion of the constituent polypeptide chain (a, 85 kDa). The small fragment (y, 3 kDa), which was isolated in 0.1-,umol quantities, proved unamenable to Edman degradation. To facilitate structure analyses, the peptide was digested with trypsin, and the crucial N-terminally blocked subfragment (Ti) was then analyzed by liquid secondary-ion mass spectrometry. We found a (M + H)+ ion of 580 mass units, which matched with the value of580.27 calculated for the oxalylated tetrapeptide, encompassing the residues 735-738: HOOC-CO-NH-Tyr-Ala-Val-Arg-COOH. This structure was con- Sensitive carbonyl reagents, when immediately applied to our 02-reaction system, indeed gave a weak response, but attempts to directly characterize the putative glyoxylyl residue [via reductive amination or transamination to glycyl (21) or as dinitrophenylhydrazone] were not successful. While the oxalyl residue is the principal product of the glycine carbons in this system (isolation yield, =70%), further (oxidative) modifications are likely, as the serine-733 residue was not recovered with our analyses.
The oxygen-mediated polypeptide cleavage invariably takes place with either of the two functional states of the radical enzyme, E-SH or E-S-acetyl. It no longer occurs, however, when E-S-acetyl is previously converted with hypophosphite to the protein-linked 1-hydroxy-1-phospho- ryl-ethyl radical (4) (see structure in Fig. 7 ), as shown in Fig.  5 , lane 3. This demonstrates that the polypeptide fragmentation requires the protein radical to be backbone-centered.
DISCUSSION
Protein radicals have attained increasing interest during recent years, ever since the discovery of a tyrosyl radical in ribonucleotide reductase (22, 23) . In all other protein-based radicals reported to date, the spin is located also on tyrosine [prostaglandin H synthase (24) , photosystem II (25), galactose oxidase (26) ] or on a tryptophan residue [cytochrome c peroxidase compound ES (27) ]. Our results with pyruvate formate-lyase now give an example of a polypeptide main chain-centered radical. The glycine C-2 radical is expected to be resonance-stabilized through the adjacent carboxamide groups and thus could be comparable energetically with the aromatic ir-type radicals. Its remarkable stability of several days at 273 K or hours at 303 K is a fascinating property, since there is no metal center contained in pyruvate formatelyase-in contrast to the systems cited above.
Although the glycine radical should be buried in the protein fold and thereby protected from exogenous quenching through the buffer medium (or by a spin-trap reagent like 5,5-dimethyl-1-pyrroline-N-oxide), a distinctive proton communication with the solvent phase must exist to explain the ready exchange of the C-2 hydrogen. Gly-734 is the ultimate of 57 glycine residues in the polypeptide chain, and secondary-structure predictions suggest its location in a turn stretch (Val-Ser-Gly-Tyr) between two (3-strands.
The distance to the acetyl transfer site Cys-419 (3) is another open question that concerns the catalytic function of the glycine radical. The spin is located on the substrate skeleton after reaction of E-S-acetyl with the formate-analog hypophosphite (3, 4) (Fig. 7) . The same radical intermediate, which is finally quenched without regeneration of the glycyl radical, is produced from E-SH and the pyruvate-analog acetyl phosphinate [M.F. and J.K., unpublished data; a detailed kinetics of enzyme inactivation by acetyl phosphinate has been reported (28) ]. The remarkable feature of the analog reactions is a covalent-labeling of the SH group of Cys418, which is adjacent to the acetyl-transferring Cys-419. Cys-418 is also of importance for the physiological substrate conversion, since Cys-418 -* Ser or Cys-418 -* Ala mutant enzymes, although carrying the glycyl radical, are inactive (S. Elbert and J.K., unpublished data). With these findings, we tentatively propose a reversible hydrogen transfer, induced by substrate binding, between the Gly-734 restingstate spin localization and Cys-418 (Gly-+ RSH Gly(H) + RS-), whose thiyl radical will function as the "working radical" for substrate processing. For ribonucleotide reductase, x-ray structure data (29) ruled out a direct H abstraction from the substrate by the Tyr-122 resting-state radical. Instead, a long-range electron transfer into the substrate site to possibly a cysteine residue has been proposed (see ref. 30 ).
